a b s t r a c t
The brain derived neurotrophic factor (BDNF) val66met polymorphism rs6265 influences learning and may represent a risk factor for schizophrenia. Healthy people with high schizotypal personality traits display cognitive deficits that are similar to but not as severe as those observed in schizophrenia and they can be studied without confounds of antipsychotics or chronic illness. How genetic variation in BDNF may impact learning in individuals falling along the schizophrenia spectrum is unknown. We predicted that schizotypal personality traits would influence learning and that schizotypal personalitybased differences in learning would vary depending on the BDNF val66met genotype. Eighty-nine healthy adults completed the Schizotypal Personality Questionnaire (SPQ) and a probabilistic association learning test. Blood samples were genotyped for the BDNF val66met polymorphism. An ANOVA was performed with BDNF genotype (val homozygotes and met-carriers) and SPQ score (high/low) as grouping variables and probabilistic association learning as the dependent variable. Participants with low SPQ scores (fewer schizotypal personality traits) showed significantly better learning than those with high SPQ scores. BDNF met-carriers displaying few schizotypal personality traits performed best, whereas BDNF met-carriers displaying high schizotypal personality traits performed worst. Thus, the BDNF val66met polymorphism appears to influence probabilistic association learning differently depending on the extent of schizotypal personality traits displayed.
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Introduction
Brain-derived neurotrophic factor (BDNF) is a widely distributed neurotrophin in the central nervous system and is important for synaptic plasticity, neuronal differentiation, and survival [1] [2] [3] [4] . gene exists which produces a valine to methionine substitution in the protein prodomain that can impact intracellular trafficking, packaging and regulated secretion of BDNF [5] . The presence of a met allele may attenuate episodic memory and hippocampal function in healthy adult humans [5] [6] [7] . However, some studies examining the val66met polymorphism (rs6265) of the BDNF gene in patients with schizophrenia report a significant over-transmission of the val allele [8, 9] , in the face of worse episodic memory performance overall in schizophrenia [10] . Thus, this discrepancy in the literature may suggest that the advantageous versus deleterious effects of the BDNF val66met genotype may vary on the basis of context, e.g., health versus illness.
While the effect of the BDNF genotype on episodic memory and hippocampal function has been studied, little is known regarding the role of the BDNF genotype in probabilistic association learning, which requires a gradual learning of cue-outcome associations that is dependent on normal frontal-striatal activity [11] [12] [13] . The relationship between BDNF and probabilistic association learning is of interest as peripheral blood BDNF levels correlate with brain activity during probabilistic association learning in healthy adults [14] and the BDNF val66met polymorphism also influences prefrontal cortex function in healthy people and those at high genetic risk for schizophrenia [15] [16] [17] [18] . Probabilistic association learning is impaired in schizophrenia [19] [20] [21] [22] and is associated with abnormal fronto-striatal activity [23] . Siblings of people with schizophrenia who may share risk genes are also more likely to show probabilistic association learning deficits [21] .
Schizotypal personality traits, such as magical ideation, perceptual aberration, inappropriate affect, and social anxiety, closely resemble symptoms characterising schizophrenia but are less florid and debilitating [24, 25] . While schizotypal personality disorder is a formal diagnosis [26] , examining those with a high expression of schizotypal personality traits (i.e., schizotypy) in an otherwise healthy sample is important as this population may reveal clues to neurobiological routes that predispose a person to schizophrenia [27] and allows the examination of behavioural and cognitive processes associated with schizophrenia without the potential confounds of antipsychotic treatment and a history of chronic illness. Schizotypal personality traits are displayed along a spectrum in which some individuals may display attenuated traits without debilitating effects. Some genetic polymorphisms, such as in Dysbindin, have been shown to act as a moderating factor on both schizotypal personality traits and cognition [28] . Schizotypal personality traits may be related to BDNF genotype, given that healthy met carriers show more stress-induced paranoid thoughts than val homozygotes [29] , and schizophrenia-like traits are more often observed in relatives of people with schizophrenia who may share genes associated with schizophrenia [30] [31] [32] [33] .
The aim of the present study was to determine the extent to which schizotypal personality traits influence frontal-striatal dependent probabilistic association learning in the context of BDNF val66met genotype in a sample of healthy young adults. Given that BDNF in the striatum is derived largely by anterograde transport from cortical afferents [34] , alterations in the BDNF genotype may also affect frontal-striatal circuitry and in turn probabilistic association learning as assayed by performance on the 'weather prediction' test, a reliable assay of frontal-striatal function [11, 13, 23] . We predicted that schizotypal personality traits would negatively influence probabilistic association learning in otherwise healthy young adults and that schizotypal personality-based differences in learning would vary depending on the BDNF val66met genotype allelic combination displayed.
Materials and methods

Participants
Eighty-nine healthy young adults without a history of mental illness were recruited from the local university and the community. All participants were screened for the following exclusion factors: a personal or family history of psychiatric disorder, history of alcohol or substance abuse/dependence within past 5 years, head injury with loss of consciousness, seizures, central nervous system infection, developmental disorder, and uncontrolled diabetes or hypertension. A four subtest version of the Wechsler Adult Intelligence Scale, 3rd Edition (WAIS-III) [35] was administered to all participants to obtain estimates of current IQ. The Depression, Anxiety, and Stress Scales [36] and the SF36v2 Health Survey [37] were administered to assess negative emotional states and health status, respectively (see Supplemental Table 1 for demographic characteristics of the entire sample). Written informed consent was obtained from all participants before beginning the study and all procedures were approved by the University of New South Wales and the South Eastern Sydney and Illawarra Area Health Service Human Research Ethic Committees.
Schizotypal personality traits
The self-report Schizotypal Personality Questionnaire (SPQ) is a psychometric and multidimensional questionnaire for assessing schizotypal traits developed from the DSM-III-R criteria for schizotypal personality disorder [38] . Participants completed the SPQ, which contains subscales for nine schizotypal traits (ideas of reference, excessive social anxiety, odd beliefs or magical thinking, unusual perceptual experiences, odd or eccentric behaviour, no close friends, odd speech, constricted affect, suspiciousness) [39] . The questionnaire comprises 74 items with each being scored 1 for a 'yes' and 0 for a 'no' response.
Probabilistic association learning assessment
Participants were tested on the probabilistic association learning "weather prediction" test described in detail elsewhere [19] [20] [21] [22] 40] . In this test, participants learn the relationship between two equally occurring outcomes (rain or shine) and combinations of four cue cards composed of simple geometric shapes. Participants were instructed to predict an outcome of rain or shine on the basis of four cue cards presented individually or in combinations of up to 3 cards. They were told that they should guess at first but they would gradually improve at determining which cue card combinations predicted each outcome. The relationships between cue card combinations and their outcomes ("rain" or "shine") were predetermined on a probabilistic basis (see Supplemental  Table 2 ). Card combinations were presented pseudo-randomly with the constraint that identical cue combinations would not appear consecutively and identical outcomes were limited to five consecutive occurrences. The experimental paradigm consisted of 15 blocks of weather prediction trials (with 10 trials/block), yielding 150 weather prediction trials in total. Testing was administered individually in a quiet room by a trained research assistant.
Genetic assay
Blood samples were collected in 9 ml EDTA tubes and DNA was isolated from the buffy coat and genotyped for the BDNF val66met polymorphism (rs6265) using Applied Biosystems TaqMan SNP assays with our ABI Prism 7900HT Fast Real Time quantitative PCR system and standard procedures. Genomic DNA (gDNA) from each case in the cohort was prepared at a dilution of 10 g/l. A PCR solution consisting of 2.5 l of 2× Universal mastermix with ROX, 0.125 l genotyping probe, and 0.375 l ddH 2 O was prepared, added into a 384-well plate containing 1 l of gDNA from each sample, and pipetted up and down to ensure the gDNA and PCR solution were sufficiently mixed. The plate was optically sealed, spun, and set into the Prism 7900 instrument for PCR genotyping. An Allelic Discrimination (AD) programme was used to determine BDNF genotype with ABI's SDS version 2.3 software and fluorescent detector markers (VIC and FAM). A Chi-square analysis confirmed that the allele and genotype frequencies were in Hardy-Weinberg equilibrium.
Data analysis
Statistica version 7 was used for statistical analyses. The mean total SPQ score was calculated for the whole sample and participants were then categorised using a mean split as either being higher or lower relative to the mean SPQ Total score. Supplemental Fig. 1 shows the distribution of the SPQ scores as well as the location of the mean score split. Percent correct after every 10 trials was used to determine acquisition rate (improvement over time) and the mean cumulative percentage correct at the end of 150 trials was used as a measure of overall performance.
Due to the expected low frequency of participants in the met homozygote group, we collapsed the val/met group with the met homozygotes to form a met carrier group. Two-way ANOVAs and Chi-square analyses were performed to compare the four groups (high/low SPQ score by 2 BDNF genotypes) on demographic variables. The main two-way ANOVA consisted of BDNF genotype (val homozygotes and met-carriers) and SPQ (high/low) as grouping variables and probabilistic association learning percent correct after 150 trials as the dependent variable. Follow-up Least Significant Difference (LSD) tests were used to determine significant differences among groups for any main effects and interactions. The alpha level for statistical significance was set at p ≤ 0.05. Given that schizotypal personality traits may be conceptualised as being on a continuum, we also performed a forward stepwise linear regression analysis with years of age, years of education, WAIS-III IQ estimate, and SPQ total scores as predictor variables and probabilistic association learning percent correct at trial 150 as the dependent variable in each BDNF val66met genotype group (val-val and met carriers) independently. To determine the extent to which the BDNF val66met allele produces an allele-dose effect, an additional supplementary ANOVA was performed in which the sample was divided into 3 genotype groupings: val/val, val/met and met/met.
Previous work suggests that different strategies employed during probabilistic association learning might influence performance [41] and thus, the present study also used a strategy clustering analysis [42] to categorise each participant into one of three strategies. Probabilistic association learning data were classified into the following three strategies: the "multi-cue" strategy in which participants respond on the basis of associations of all four cues with each outcome (the optimal strategy); the "one-cue" strategy in which participants respond on the basis of the presence or absence of a single cue card while disregarding the other cue cards; and the "singleton" strategy in which participants only learn to associate the four card patterns that have only one cue present and all the others are absent. A one-way ANOVA with strategy use as a grouping factor was used to determine any effect of strategy on probabilistic association learning. We examined the frequency with which the high and low SPQ score groups used the three strategies by a Chi-square analysis to determine any group differences in strategy use.
Results
The demographics for the participant sample, broken down by high/low schizotypal personality score and the two BDNF val66met genotype groups are shown in Table 1 . A series of two-way ANOVAs based on two BDNF val66met genotype groups and high/low SPQ groups revealed a significant main effect of SPQ group for total SPQ score as expected and no significant interactions on the basis of age, years of education, WAIS-III full-scale IQ scores, and total SPQ scores. The results of separate ANOVAs to test for differences in SPQ factor scores on the basis of high-low SPQ classification and BDNF val-met genotype groupings revealed a significant main effect of SPQ high-low classification (as expected), no significant main effect of BDNF genotype, and no significant interaction for each of the three separate ANOVAs (see Supplemental Table 3 ). Separate Chisquare analyses revealed no significant differences among BDNF genotype groupings on the basis of gender but significant differences among ethnic groups such that there was a larger proportion of Asians compared to Caucasians, across most of the genotype groups.
A two-way ANOVA, grouping the BDNF genotypes into val homozygotes or met-carriers versus high/low SPQ groups, revealed a significant main effect of high/low schizotypal personality group such that participants with low SPQ scores showed significantly better probabilistic association learning than those with high SPQ scores, F(1, 85) = 7.37, P = 0.008 (see Fig. 1 ). There was no significant main effect of BNDF genotype on probabilistic association learning F(1, 85) = 0.41, P = 0.52. There was a significant interaction between schizotypal personality group and BDNF genotype on probabilistic association learning, F(1, 85) = 7.35, P = 0.008 (see Fig. 2 ). Follow-up LSD tests revealed that BDNF met-carriers with low schizotypal personality trait scores performed significantly better during probabilistic association learning than BDNF met-carriers with high schizotypal personality trait scores, P = 0.0006. BDNF val homozygotes who displayed high schizotypal Note: WAIS-III = Wechsler Adult Intelligence Scale, 3rd Edition; SPQ = Schizotypal Personality Questionnaire; BDNF = brain derived neurotrophic factor.
Fig. 1. Schizotypal personality traits influence probabilistic association learning.
Participants with low SPQ scores showed significantly better probabilistic association learning than those with high SPQ scores (P = 0.008). Error bars represent standard errors. Fig. 2 . BDNF val-met genotype influences probabilistic association learning in the context of schizotypal personality traits. ***BDNF met-carriers with low schizotypal personality trait scores performed significantly better during probabilistic association learning than met-carriers with high schizotypal personality trait scores (P = 0.0006). *BDNF val homozygotes with high schizotypal personality trait scores and val homozygotes with low schizotypal personality trait scores both performed significantly better than met-carriers with high schizotypal personality trait scores (P = 0.03).
personality trait scores performed significantly better than metcarriers with high schizotypal personality trait scores, P = 0.03. BDNF met-carriers with high schizotypal personality trait scores performed significantly worse than val homozygotes with low schizotypal personality trait scores, P = 0.03. Although val homozygotes who displayed low schizotypal personality trait scores appeared to perform numerically worse than met-carriers who displayed low schizotypal personality trait scores, the difference was not significant, P = 0.11. See Supplemental Fig. 2 for similar results in the three genotype group analysis. Results of the regression analysis using age, education, IQ, and SPQ total scores as predictors of probabilistic association learning percent correct at trial 150 in each of the BDNF genotype groups (val homozygotes and met carriers) independently revealed that only IQ predicted percent correct at trial 150 in the BDNF val homozygotes; whereas, only SPQ total score predicted percent correct at trial 150 in the BDNF met carriers (see Table 2 ). A one-way ANOVA revealed a significant effect of strategy, such that the multi-cue strategy results in the best performance and the one-cue strategy results in the worst performance, F(2, 96) = 26.08, P < 0.0001. Given the low number of participants (<5) in the high and low SPQ score groups using the one-cue strategy, our Chisquare analysis to detect group differences in strategy use was performed using only data for the multi-cue and singleton strategies. Results of this Chi-square analysis revealed that there was a significant difference in the number of people in the high/low SPQ groups who used multi-cue or singleton strategies, 2 (1) = 5.46, P = 0.02. A significantly greater number of people displaying fewer schizotypal personality traits used the multi-cue strategy (see Supplemental Table 4 ).
Discussion
We found that schizotypal personality traits influence probabilistic association learning, such that participants with low SPQ scores showed significantly better learning than those with high SPQ scores. Thus, like people with schizophrenia, people with a higher expression of schizotypal traits are impaired in frontal-striatal dependent probabilistic association learning. However, in this sample it can be concluded that this impairment is not secondary to an effect of antipsychotic medication, chronic illness, or education/IQ differences between the groups. Other studies have shown probabilistic association learning and/or frontal-striatal dysfunction in first episode psychosis patients [43] , people displaying prodromal symptoms [44] , people at high risk to develop psychosis [45] , and in unaffected siblings of people with schizophrenia [21, 46] . This supports our hypothesis that even within a healthy population, schizotypal traits do impact learning and that studying healthy adults with schizotypal personality traits may provide further insight into cognitive dysfunction in schizophrenia. However, it is important to note that although our 'high schizotypal' group displays some schizotypal personality traits, these schizotypal traits are on a continuum; thus, our 'high schizotypal' group would not meet criteria for diagnosis of schizotypal personality disorder but may still be useful to examine the effects of schizotypal personality traits.
Noguchi et al. [47] examined the association between schizotypal traits in healthy adults and cognitive function and found that SPQ scores showed a significant inverse correlation with verbal IQ and the information, comprehension and similarities subtests from the Wechsler Adult Intelligence Scale-Revised. McClure et al. [48] showed that a cognitive composite score was significantly impaired in schizotypal personality disorder relative to healthy controls and avoidant personality disorder. The results of the current study further suggest that a relatively high expression of schizotypal traits in healthy adults are associated with learning deficits, suggesting that schizotypal traits themselves, even at a non-clinical level, may interfere with cognition and co-occur with some cognitive deficits.
To our knowledge, the impact of the BDNF polymorphism on frontal-striatal learning in humans has not previously been demonstrated. We found that BDNF met homozygotes displaying few schizotypal personality traits performed best and those BDNF met homozygotes displaying a high degree of schizotypal personality traits performed worst on probabilistic association learning. Thus, a high 'load' of schizotypal personality traits appears to predict poorer learning, which may be accentuated by the BDNF met allele. Consistent with previous studies of healthy adults, the presence of the BDNF val allele appears to provide a protective effect on learning, but only in the context of high schizotypal personality traits. This suggests that there may be a deleterious impact of the BDNF met allele for learning requiring frontal-striatal circuitry and supports the negative effect of the BDNF met allele on memory shown in previous studies of healthy adults [5] [6] [7] but only in the context of a high load of schizotypal personality traits. However, the possible association of the met allele to better frontal-striatal learning performance in low schizotypal personality trait individuals suggests that genotype effects can vary depending on personality characteristics that are likely influenced by variation in other genes.
Eisenberg et al. [49] found that the met allele was associated with significantly less hippocampal regional cerebral blood flow (rCBF) in people with schizophrenia during a working-memory task. However, the opposite effect of BDNF genotype was seen in healthy controls, such that the met-carriers showed increased hippocampal rCBF, suggesting that variation in the BDNF val66met polymorphism interacts differentially with aspects of hippocampal and frontotemporal function in schizophrenia and healthy adults. The SPQ high-low group by BDNF genotype interaction in the present study showing significantly impaired learning in met homozygotes with high schizotypal personality scores and significantly better learning in met homozygotes with low schizotypal personality scores supports the Eisenberg et al. [49] finding of a differential effect for the BDNF met genotype on brain physiology (rCBF) that is dependent on diagnostic status (schizophrenia versus healthy control) and shows that this differential genotype effect may not be simply secondary to antipsychotic effects or to other confounds of having a chronic debilitating mental illness.
Egan et al. [5] demonstrated that when the BDNF met allele is transfected into rat hippocampal neurons, it results in blunted BDNF trafficking, activity-dependent secretion, and less BDNF protein release. The current study found that within the high schizotypy group, val homozygotes perform significantly better than met homozygotes, which suggests that when there is more releasable BDNF protein (e.g., in vals), there is better learning in those with more schizotypal traits relative to met homozygotes with more schizotypal traits. This is supported by previous studies demonstrating that the met allele is detrimental for learning and memory [5, 6] as well as IQ [50] in healthy adults. However, in the current study the exact opposite effect was found in those individuals with low SPQ scores, where the met allele appeared to be beneficial (although not significantly greater) for frontal-striatal learning relative to BDNF val homozygotes. This suggests that earlier studies may have recruited individuals on the high end of the SPQ spectrum and that the BDNF val/met polymorphism has quite different effects depending on the extent of schizotypal personality traits expressed.
While using a dichotomous model and breaking schizotypal personality traits into high and low categories for analysis may not be most consistent with the continuous nature of the schizotypal personality trait concept and scale, we obtained similar results in both an ANOVA using the dichotomous model and our regression analyses in which SPQ scores were treated as a continuous variable. The regression analyses demonstrated that a change in the degree of schizotypal personality traits contributed significantly to the extent of probabilistic association learning only in BDNF met carriers. These results show that in this case whether the analysis is performed based on cut off scores or using SPQ scores as a continuous variable, the effect in BDNF met carriers is robust enough to yield significant effects with either model.
Finally, we confirmed that the multicue strategy was the optimal strategy, which supports previous findings on strategy use during probabilistic association learning [41, 51] . We also found that those with a low expression of schizotypal personality traits used the more optimal multi-cue strategy which is consistent with displaying a significantly better performance.
There are limitations to the current study. In the original sample on which the SPQ was developed and normed [38] the mean SPQ total score was 26.9, as opposed to our study in which the mean SPQ total score was 14.7. Thus, our sample showed a lesser extent of schizotypal traits than the original study. In a similar manner, many of the people in our high schizotypal personality group would not have been classified as deviant, having an SPQ score > 42 [52] . Second, we recruited mainly students from the local university and thus a sampling bias may exist such that our sample has a higher cognitive functioning capacity as reflected in the above average WAIS-III IQ scores. In spite of these limitations, in the 39 people who scored above 14.7, their mean total SPQ score was 25.2 and was substantially different from the mean score of 6.6 in the low SPQ group. We did not find a main effect of BDNF val-met polymorphism on probabilistic association learning. However, our finding of a BDNF val-met genotype by SPQ high-low group interaction suggests that a genotype effect on learning may be revealed in the context of schizotypal personality traits. There was also a higher proportion of Asians than Caucasians in our study sample, particularly in the met homozygote groups. However, because they represent the majority in both the high and low SPQ score met homozygote groups, the ethnicity is relatively balanced across these schizotypal personality trait and genotype groups and the proportion is consistent with previous research showing that the frequency of the met allele is significantly higher in Asians [53] .
In conclusion, this study helps refine our understanding of the contributions of the BDNF genotype and illness-associated traits on dysfunctional frontal-striatal dependant learning in schizophrenia. These results provide the first evidence for a specific genetic effect of the BDNF val66met polymorphism in the context of a sub-clinical level of pathology in relation to schizotypal personality traits on probabilistic association learning. This study contributes to the growing body of evidence on the role of alterations of BDNF in the pathophysiology of schizophrenia by showing worse performance in a group of healthy people who were BDNF met carriers with increased schizotypal personality traits and an absence of antipsychotics and history of chronic illness, suggesting that probabilistic association learning deficits may be intrinsic to frontal-striatal dysfunction associated with schizophrenia. 
